An inhibitor-resistant TEM (IRT), TEM-44 (IRT-13), which is a member of group 2br (7) and which is related to TEM-2, was recently observed in P. mirabilis (5) .
In addition to the previously described TEM-1, TEM-2, TEM-3, TEM-24, and TEM-44 enzymes, which have been observed, five novel enzymes are described in this report.
MATERIALS AND METHODS
Bacterial strains and plasmids. Since 1996, amoxicillin-resistant strains of P. mirabilis isolated from patients hospitalized in different units of the teaching hospital of Clermont-Ferrand were screened for their resistance phenotypes: penicillinase, ESBL, and IRT producers. All ESBL and IRT enzymes and some penicillinases were studied by isoelectric focusing. One strain representative of each resistance phenotype and each isoelectric point value was retained for further analysis: three ESBL producers (CF39, CF249, and CF669), four IRT producers (CF449, CF659, CF739, and CF749), and one penicillinase producer (CF579). Penicillinase-producing strains P. mirabilis CF19 (TEM-1) and CF29 (TEM-2), isolated in 1994 at the Clermont-Ferrand hospital, were studied for comparison (bla TEM gene sequencing was performed). Rifampin-or nalidixic acid-resistant mutants of E. coli HB101 [supE44 hsdS20 (r B Ϫ m B Ϫ ) recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1] (30) and P. mirabilis ATCC 29906, obtained in vitro as described previously (30) , were used as recipients during mating-out assays. Plasmids RSa (39.5 kb), TP114 (61 kb), pCFF04 (TEM-3-encoding plasmid of 85 kb) (34) , pCFF74 (TEM-24-encoding plasmid of 85 kb) (11) , pCFF14 (TEM-5-encoding plasmid of 180 kb) (11) , and pCFF134 (TEM-3-encoding plasmid of K. pneumoniae CF34 isolated in our hospital) were used for comparison.
Mating-out assays and plasmid content. Direct transfer of resistance into rifampin-or nalidixic acid-resistant strain E. coli HB101 or P. mirabilis ATCC 10381
T was performed by overnight mating of logarithmic-phase cells at 37°C on drug-free liquid and solid Mueller-Hinton medium. Transconjugants were selected on Mueller-Hinton agar plates containing rifampin (300 g/ml) or nalidixic acid (150 g/ml) and either amoxicillin (100 g/ml), ceftazidime (4 g/ml), or cefotaxime (2 g/ml).
The sizes of the plasmids were estimated after plasmid DNA extraction by the method of Kado and Liu (19) , and their electrophoretic migrations in a 1% agarose gel were compared to those of standard plasmids.
The study of plasmid restriction fragments was performed with plasmid DNA that was extracted by the alkaline lysis method and cesium chloride-ethidium bromide equilibrium centrifugation (30) and that was digested with restriction endonucleases HindIII, EcoRI, and SalI (Boehringer Mannheim), as recom-mended by the manufacturer. Restriction fragments were visualized after electrophoresis in 0.8% agarose gels with a 1-kb DNA ladder (Eurogentec).
Hybridization. The DNA probes used for hybridization were PCR products which were labeled with 32 P as described previously (30) . The specific amplification was achieved under standard conditions with the primers TEM-A and TEM-B (22) and the primers AAC6Ј-A (5Ј-TTGTTACGGTACCTTGCCTC-3Ј) and AAC6Ј-B (5Ј-TTGCAATGCTGAATGGAGAG-3Ј) (temperature of annealing, 58°C), which are specific for the gene that encodes the enzyme AAC(6Ј)I (23) . Hybridization and autoradiography were performed as described previously (30) with DNA that had been transferred to and immobilized on Nytran filters.
Susceptibility to ␤-lactams. MICs were determined by a dilution method on Mueller-Hinton agar (Sanofi Diagnostics Pasteur, Marnes la Coquette, France) with an inoculum of 10 4 CFU per spot. Antibiotics were provided as powders by SmithKline Beecham Pharmaceuticals (amoxicillin, ticarcillin, and clavulanate), Lederle Laboratories (piperacillin, tazobactam), Eli Lilly, Paris, France (cephalothin), Roussel-Uclaf (cefotaxime), Glaxo Wellcome Research and Development (ceftazidime), and Bristol-Myers Squibb (aztreonam).
Detection of ESBLs was performed by a modified double-disk synergy test as described previously (35) . It was performed by the disk diffusion method on Mueller-Hinton agar. Antibiotic disks for agar tests were obtained from Sanofi Diagnostics Pasteur.
Isoelectric focusing. Isoelectric focusing was performed with polyacrylamide gels containing ampholines with a pH range of 3.5 to 10 as described previously (32) . ␤-Lactamases with known pIs were used as standards: TEM-1 (pI 5.4), TEM-2 (pI 5.6), TEM-3 (pI 6.3), and TEM-24 (pI 6.5).
Determination of ␤-lactamase kinetic constants (K m , V max and IC 50 ). The K m and V max constants of the ␤-lactamases were obtained by the computerized microacidimetric method described previously (20) with enzymes purified as follows. Bacterial strains were obtained from 4 liters of culture grown in brain heart infusion broth. The cells were harvested by centrifugation at 5,800 ϫ g for 30 min. The pellets (weight, about 20 g) were washed by resuspension in 40 ml of a 0.85 mM NaCl solution (solution A), and the suspension was centrifuged as described above, and the supernatants were discarded. Then, the pellets were resuspended in 40 ml of the same solution and lysed by ultrasonic treatment. The crude extracts were cleared by centrifugation at 48,000 ϫ g for 30 min at 40°C and then by filtration on microgranular cellulose (Sigma). Nucleic acids were precipitated by the addition of spermine (0.2 M) and centrifugation (30,000 ϫ g for 30 min at 4°C), dialyzed one night against 5 liters of solution A, and concentrated. The enzyme was then chromatographed on a Bio-Rex 70 resin (weakly acidic cation exchanger) with an ammonium carbonate-bicarbonate buffer (pH 7.0) gradient. Active fractions were pooled. The relative V max values were compared with the V max for benzylpenicillin, which was taken as 100%. The concentrations of the inhibitors (clavulanate and tazobactam) required to inhibit enzyme activity by 50% (IC 50 s) were determined as described previously for penicillin G (33) .
ASPCR. The allele-specific PCR (ASPCR) (40) was used to detect the known mutations at nucleotide positions 32, 317, 512, 692, 911, 914, 917, and 929. Templates of DNA from the studied strains and standard strains were simultaneously amplified in different tubes, in an allele-specific manner, in a Gene Amp PCR System 2004 DNA thermal cycler (Perkin-Elmer Cetus Instruments). All PCR products were loaded on an agarose gel. Thus, the presence of an amplified fragment with an allele-specific primer and its absence with the other allelespecific primer provide a direct confirmation of detection of genotypes.
DNA sequencing. All results obtained by ASPCR were confirmed by DNA sequencing. The sequences were determined by direct sequencing of specific amplified products obtained as described previously (22) with genomic template DNA prepared by boiling fresh overnight cultures grown in Luria-Bertani broth or with plasmid DNA extracted by the procedure of Kado and Liu (19) and purified (spin-X column; Costar, Cambridge, Mass.). It was performed by the dideoxy chain termination procedure of Sanger et al. (31) 
RESULTS
Resistance phenotypes (MICs) for P. mirabilis strains. The P. mirabilis isolates formed three groups in relation to the ␤-lactam MICs for the strains. (i) The first group was represented by three strains: the TEM-1-and TEM-2-producing strains CF19 and CF29 and strain CF579, which produced a penicillinase with an atypical pI (see below). These three strains were susceptible to ticarcillin-clavulanate (MIC, 2 g/ ml), piperacillin-tazobactam (MICs, 0.5 to 1 g/ml), and cephalothin (MIC, 8 g/ml). Strain CF579 harbored a level of resistance to ␤-lactams comparable to that observed for the TEM-2-producing strain CF29 (Table 1) , suggesting higher levels of penicillinase production in strains CF29 and CF579 than in strain CF19.
(ii) The second group consisted of P. mirabilis CF39, CF249, and CF669. The modified double-disk synergy test was positive. Their ␤-lactam resistance phenotypes were characterized by high levels of resistance to amoxicillin (MIC, 1,024 g/ml), ticarcillin (MIC, 256 g/ml), and cephalothin (MIC, 32 g/ml) (data not shown). The MICs of cefotaxime, ceftazidime, and aztreonam (Table 2) , even though they were low, were appreciably higher than those obtained for TEM-producing P. mirabilis (0.06 to 8 versus 0.03 to 0.12 g/ml). The MICs observed for E. coli transconjugants were higher than those observed for P. mirabilis (2-to 30-fold) except for that for strain CF669 (Table 2) . Clavulanate (2 g/ml) restored the MICs of cefotaxime, ceftazidime, and aztreonam (MICs, Յ0.25 g/ml).
(iii) P. mirabilis CF449, CF659, CF739, and CF749 constituted the third group (Table 3 ). They were characterized by similar high levels of resistance to amoxicillin and amoxicillinclavulanate (MICs, 64 to 1,024 g/ml) and low levels of resistance to ticarcillin (MICs, 1 to 32 g/ml). These strains were susceptible to ticarcillin-clavulanate (MICs, 1 to 4 g/ml) and were mainly susceptible to cephalosporins, including cephalothin (MICs, 2 to 4 g/ml). These phenotypes of resistance to ␤-lactam antibiotics differed from those observed for TEM-1-and TEM-2-producing strains CF19 and CF29 by the higher MICs of amoxicillin-clavulanate (4 to 16 g/ml) and lower MICs of ticarcillin (128 to 512 g/ml) and, to a lesser extent, the MICs of cephalothin (8 g/ml) ( Table 1) . ␤-Lactamase characterization. For the first group of penicillinases, the ␤-lactamase of strain CF579 had kinetic parameters (K m and V max ) similar to those obtained with TEM-1 and TEM-2 (Tables 4 and 5 ). These three enzymes had distinctly higher affinities (K m , Յ40 M) for penicillins than those obtained for cephalothin (Ն250 M). The relative V max values for ticarcillin and cephalothin (Յ25%) were clearly decreased compared to that for amoxicillin (Ն73%). However, a band at pI 5.2 that was distinct from those of TEM-1 (pI 5.4) and TEM-2 (pI 5.6) was observed for strain CF579 (Table 4) .
The ESBL-type ␤-lactamases of the second group had much greater relative V max values (40 to 1,410%) and had lower affinities (K m s, 50 to 450 M) for broad-spectrum cephalosporins than for amoxicillin and cephalothin (K m s, 5 to 43 M; Table 6 ). The enzyme of strain CF249 (pI 6.5) had a V max value 10-fold higher for ceftazidime than for cefotaxime. Conversely, the ␤-lactamases of strains CF39 (pI 6.3) and CF669 (pI 6.0) had V max values 10-fold higher for cefotaxime than for ceftazidime (Table 6 ).
The V max values of ␤-lactamases of strains of the third group (Table 4) for amoxicillin were higher (Ն140%) than those of the TEM penicillinases (Յ95%) ( Table 4) . Conversely, the V max values of enzymes of the third group for ticarcillin and cephalothin were lower (Յ2.3%) than those of TEM enzymes (Ն10%). With regard to the K m values of TEM-1, the affinities of these enzymes were decreased about 10-fold for benzylpenicillin and amoxicillin and 26-to 74-fold for ticarcillin (Table   4 ). Clavulanate and tazobactam IC 50 s were 50-to 200-fold higher for ␤-lactamases of strains in this group than for penicillinases TEM-1 and TEM-2 (Table 5 ). Isoelectric focusing showed that the ␤-lactamases of these strains focused at pI 5.2 (strains CF739 and CF749) or pI 5.4 (strains CF449 and CF659).
DNA sequencing. To confirm the mutations detected by ASPCR, the complete sequences of the bla TEM genes were obtained. Globally, the sequences were similar to those of bla TEM-1A , bla TEM-1B , and bla TEM-2 . The nucleotide substitutions and deduced amino acid replacements in relation to the sequence of the bla TEM-1A gene are summarized in Table 7 .
The bla TEM genes of strains CF39, CF249, and CF449 code for previously described ␤-lactamases: TEM-3 (CTX-1), TEM-24 (CAZ-6), and TEM-44 (IRT-13), respectively.
(i) In the first group of strains (TEM-like penicillinase production), the bla TEM gene of the strain CF579 harbored the nucleotide change C-4773A, which led to the new amino acid substitution Gly-923Asp. This enzyme is therefore a new TEM-like ␤-lactamase, which we designate TEM-57.
(ii) In the second group, the bla TEM gene of ESBL-producing strain CF669 exhibited the same C-4773A mutation and, in addition, nucleotide changes at positions 317, 512, and 914, which led to amino acid substitutions at positions 39, 104, and 238, as in TEM-3. The enzyme produced by CF669 is therefore a new TEM-3-like ESBL, which we designate TEM-66.
(iii) In the third group, the bla TEM genes of IRT-producing strains CF739 and CF749 harbored mutations that led to the presence of Gln-39, as in TEM-1, and, in particular, the amino acids Phe-21 and Met-265. However, these two enzymes differed at position 244 by a Ser, as in IRT-2 (strain CF749), and a Cys, as in IRT-1 (strain CF739). These enzymes are therefore two new IRT-type ␤-lactamases, which we designate TEM-74 (IRT-2-like) and TEM-73 (IRT-1-like), respectively. For the other IRT-producing strain, strain CF659, the deduced amino acid sequence exhibited Lys-39, as in TEM-2, and Cys-244, as in IRT-1. This ␤-lactamase is therefore the first IRT-1-like enzyme related to TEM-2 and is named TEM-65 (IRT-16).
Known silent mutations at positions 346, 436, 604, 682, and 925 were also observed in the studied genes ( Table 7) . The gene sequences of TEM-24, TEM-44 (IRT-13), TEM-57, TEM-73, and TEM-74 showed a pattern of silent mutations identical to that in the sequence of gene bla TEM-2 . The bla TEM genes of strains CF39, CF659, and CF669 differed from bla TEM-2 , but only by nucleotide 436 for the gene of TEM-65, nucleotide 682 for the gene of TEM-3, and nucleotides 682 and 925 for the gene of TEM-66.
The results for position 32 and the sequences of bla TEM gene promoters obtained by ASPCR showed the presence of a T base at position 32 in all genes studied. The insertion of an A Benzylpenicillin  100  25  100  20  100  40  100  334  100  330  100  375  100  350  Amoxicillin  77  26  95  25  73  38  207  315  140  400  145  360  150  400  Ticarcillin  10  10  10  9  10  15  2  810  2 (Table 7) . Plasmid study. The mating-out assays permitted the transfer of ESBL-type resistance (strains CF39, CF249, and CF669) in E. coli and P. mirabilis species. The other antibiotics to which resistance was transferred were identical for these three strains and for TEM-3-producing strain K. pneumoniae CF34: kanamycin, tobramycin, amikacin, netilmicin, tetracyclines, trimethoprim, and sulfonamides. In contrast, no transconjugant was obtained under our conditions with the TEM-like-and IRTlike-producing strains.
Plasmid visualization in agarose gels and hybridization with the TEM probe of ESBL-producing transconjugants showed one plasmid of about 170 to 180 kb for each of the strains P. mirabilis CF39, CF249, and CF669 and K. pneumoniae CF34 (Fig. 1) . The digestion of these four plasmids and the hybridization with the TEM and AAC(6Ј)I probes showed a fragment of 11 kb that was common with the EcoRI-SalI digestion patterns. In the same way, two fragments of 11.5 and 13 kb were observed to be in common with the EcoRI-HindIII digestion patterns for all plasmids except the plasmid of strain CF39, which did not provide the 13-kb hybridized fragment (data not shown).
The study of the plasmids of IRT-producing P. mirabilis strains showed for each strain the presence of a plasmid that hybridized with the TEM probe. The plasmid was about 42 kb for strains CF449, CF739, and CF749 and about 70 kb for strain CF659 (Fig. 1) .
DISCUSSION
This work reports on five novel ␤-lactamases and provides the first description of TEM-24 in P. mirabilis. TEM-57 (CF579) is a novel penicillinase related to TEM-1 (Gln-39), which is characterized by the Gly3Asp substitution at position 92 and which constitutes a new polymorphic position of TEM-type enzymes. TEM-66 (CF669) is a novel ESBL that harbors the amino acid substitutions that have been described for TEM-3 (36) and that are associated with the substitution Gly-923Asp, as in TEM-57.
The substitution at position 92 of the neutral glycine residue in TEM-1 and TEM-3 by the negatively charged aspartate residue in TEM-57 and TEM-66 could have accounted for the decrease in pI from 5.4 (TEM-1) to 5.2 (TEM-57) and from 6.3 (TEM-3) to 6.0 (TEM-66). Crystallographic analysis (18) shows that amino acid 92, located in the loop that joins helices H2b and H3, is far from the active site of the enzyme. Hence, it probably has no effect on the intrinsic activity of the enzyme, as suggested by the kinetic constants, which were similar to those of TEM-1 for TEM-57 and similar to those of TEM-3 for TEM-66. Although TEM-57 and TEM-66 had the same substitution, Gly-923Asp, it seems unlikely that the latter derives from the former. Hence, nucleotide position 477, at which a nucleotide substitution led to the amino acid substitution at position 92, could be a potential hot spot of mutation.
TEM-65 (IRT-16) (CF659) is a novel IRT-1-type (Cys-244) (38) ␤-lactamase. This enzyme is related to TEM-2 (Lys-39), as in the previously described IRT-2-type (Ser-244) (38) enzyme TEM-44 (5). TEM-73 (IRT-18) (CF739) and TEM-74 (IRT-19) (CF749) are two novel IRT enzymes that harbor both the substitutions Leu-213Phe and Thr-2653Met that were previously reported in TEM-like and ESBL ␤-lactamases. These two enzymes differ by the amino acid substitution at position 244: Cys in TEM-73 (like IRT-1) and Ser in TEM-74 (like IRT-2).
The study of nucleotide substitutions at positions 32, 226, 263, 317, 346, 436, 604, 682, and 925 of the TEM-24 and TEM-44 genes showed a nucleotide pattern identical to that of gene bla TEM-2 . The nucleotide sequence patterns of the other genes differed from that of gene bla TEM-2 by only one or two nucleotides at position 317, 682, or 925. These other genes could therefore be considered TEM-2-like genes (8) . The bla TEM genes described here could result from a complex evolutionary process that originated in gene bla TEM-2 and/or could reflect the diversity of the genes that encode the TEM penicillinases.
For all enzymes reported, the nucleotide sequence showed a T at position 32, as observed in strong promoters (12) . Despite these strong promoters, the IRTs in P. mirabilis conferred low levels of resistance to ticarcillin compared to the levels of resistance of E. coli strains (32) . Likewise, ESBL expression was weak, requiring a modified synergy test for routine detection (35) . When the ESBL-encoding plasmids of P. mirabilis were transferred to E. coli, the level of resistance to broadspectrum cephalosporins was higher in E. coli than in P. mirabilis, suggesting the existence of a factor that leads to weak Benzylpenicillin  100  5  100  4  100  5  Amoxicillin  62  43  72  5  70  5  Cephalothin  281  43  107  22  110  30  Cefotaxime  130  50  445  100  400  100  Ceftazidime  1,410  377  40  400  40  450 a V max values are given as a percentage of the V max for benzylpenicillin, which was taken as 100%.
expression of ␤-lactam resistance, despite the presence of a strong promoter. The reasons for this discrepancy are not known. It could be the result, as suggested by Wu et al. (41), of regulational phenomena such as mRNA transcription attenuation, protease, or export problems. The promoter of TEM-57 is singular in that it has an adenine immediately under the thymidine at position 32. This insertion may not affect the strength of the promoter that directs the enzyme gene since a level of resistance similar to that conferred by TEM-2 was observed.
The IRT-encoding plasmids were not transferable by conjugation under our conditions and were distinctly smaller (42 to 70 kb) than ESBL-encoding plasmids (170 to 180 kb), which can easily conjugate. Thus, ESBL-producing P. mirabilis could be a reservoir of ␤-lactamase-encoding plasmids. In contrast, IRT-producing P. mirabilis, as suggested previously for E. coli strains (16), may have been selected after mutations of the TEM gene as a result of pressure from penicillin-inhibitor associations instead of the acquisition of IRT-encoding plasmids.
In P. mirabilis strains, TEM-3, TEM-24, and TEM-66 were encoded by large plasmids which were similar in size, which were associated with similar resistance markers, and which had similar hybridization patterns. The same plasmid was observed in TEM-3-producing K. pneumoniae CF34, whereas previously it was reported that TEM-3 and TEM-24 are encoded by 85-kb plasmids (13, 17, 34) .
In our hospital, a 2-year survey (1997 to 1998) revealed that 14.3% of the amoxicillin-resistant P. mirabilis strains produce an ESBL identified as TEM-3 in 73 of 74 isolates (9) . In the present study, ESBLs TEM-24 and TEM-66 were encountered for the first time in this species. The findings of TEM-10 (27), TEM-26 (28), TEM-8 (26) , and TEM-21 (14) in previous studies and our results show the great diversity of ESBLs in P. mirabilis species.
Two IRTs related to TEM-2, TEM-44 (IRT-13) (5) and TEM-65 (IRT-16), have been found in P. mirabilis. The frequency of TEM-2 in P. mirabilis is high: 32.7% of penicillinase-producing strains (9) . This high frequency could explain why the two IRTs derived from TEM-2 have been characterized in the species. The description of TEM-24 in P. mirabilis and the characterization of five new TEM mutants, TEM-57 (TEM-like), TEM-66 (ESBL), and TEM-65, TEM-73, and TEM-74 (IRTs), show the diversity of TEM mutants in P. mirabilis. The chromosomal ␤-lactamase CMY-3 (6) and the plasmid-mediated ␤-lactamases CEP-1 (4), CTX-M-2 (3), PER-2 (2), and CMY-4 (39) have also been observed in this species. This diversity of ␤-lactamases associated with the high frequency of resistance to ␤-lactam antibiotics raises the fear that P. mirabilis-resistant strains could become entrenched in hospitals and could be involved in nosocomial infections, in which case surveillance of this species for susceptibility to ␤-lactam antibiotics would be warranted.
